A chitosan-coated-magnetite with covalently grafted polystyrene (g-PS) based magnetic carbon nanocomposites composed of carbon coated magnetite nanoparticles with carbonized g-PS microsphere are prepared for effective hexavalent chromium (Cr(VI)) adsorption. The adsorption measurements have indicated that the fabricated magnetic nanocomposites FC515 exhibit an effective Cr(VI) adsorption performance and the optimal pH for Cr(VI) adsorption on FC515 is 3.0 at 298 K. The Cr(VI) adsorption kinetics on FC515 is found to follow the pseudo-second-order behavior with a room temperature initial adsorption rate of 7.106 g mg -1 min -1 for the solution with an initial Cr(VI) concentration of 6.5 mg L -1 and pH value of 3.0. The adsorption isotherm test illustrates that the Langmuir isotherm model with a monolayer adsorption is well fitted for Cr(VI) adsorption on FC515 than the Freundlich isotherm model. The thermodynamic parameters including negative standard Gibb's free energy change and standard enthalpy change suggest that the Cr(VI) adsorption on FC515 is spontaneous and exothermic. After 5 cycles, FC515 still maintain 86% of Cr(VI) adsorption capacity, exhibiting a good reusability in practice. The zeta-potential and X-ray photoelectron spectroscopy (XPS) measurements demonstrate that the Cr(VI) adsorption on FC515 is mainly from the electrostatic interaction between FC515 and Cr(VI). This work provides a new method to design the novel structure of magnetic carbon nanocomposites with natural polymer chitosan and thermoplastic PS for Cr(VI) wastewater treatment.
Introduction
Hexavalent chromium (Cr(VI)) released from electroplating, leather tanning, printing, and pigments is considered as a hazardous and toxic contaminant in water system. 1 In order to achieve the US Environmental Protection Agency (US-EPA) limitation (total Cr lower than 100 μg L -1 in drinking water), 2, 3 it's urgently required to remove Cr(VI) from waste water system. Currently, among various kinds of technologies for Cr(VI) removal from wastewater including chemical precipitation, ion exchange, membrane filtration, and biomass, adsorption is a competitive method due to its simplicity, low cost, and high efficiency. 4 Hence, it's demanded to design and develop the novel adsorbent materials towards Cr(VI) removal with high efficiency and low cost.
Chitosan is an abundant natural aminopolysaccharide containing both of glucosamine and acetylglucosamine moieties, which is derived from the N-deacetylation of chitin. 5 The amino and hydroxyl groups on the polymer backbone of chitosan are able to serve as the chelating sites for the removal of heavy metals from polluted water. 6 However, the adsorption performance of chitosan is normally controlled by the molecular weight and deacetylation degree of the raw chitin. 7 In addition, chitosan is sensitive to the solution pH. On the one hand, it's easily dissolved in the acidic solution (especially as solution pH is less than 5); on the other hand, the protonation of amino group on chitosan in the acidic solution could severely decrease its adsorption capacity. 8 Therefore, it's commonly needed to chitosan composites, which exhibited the maximum Cu(II) adsorption capacity of 35.5 mg g -1 . Zhu et al. 12 studied the adsorption properties of Pb(II), Cu(II), Zn(II) onto xanthate-modified magnetic chitosan and the maximum adsorption capacities for Pb(II), Cu(II), Zn(II) were 76.9, 34.5, and 20.8 mg g -1 , respectively. Yet, even the magnetic chitosan could be manipulated by an external magnetic field, the coating material chitosan still has the poor acid resistant property. The crosslinking process may also reduce the adsorption capability of chitosan, especially if this process involves in the reaction of amino groups. 13 In recent years, magnetic carbon nanocomposites have gained considerable attentions in the heavy metal adsorption due to the high specific surface area and good environmental stability of carbon materials, and easy recycle process of magnetic materials. The carbon shell could protect the magnetic metal oxides from the acid etching and the magnetic core could help recycle of nanocomposites and reuse it for the heavy metal removal. Therefore, many efforts have been dedicated to the preparation of magnetic carbon nanocomposites with novel structures. However, there is still no report on the chitosan based magnetic carbon nanocomposites. Currently, in our previous work, the ECH grafted polystyrene (PS) has served as the carbon precursor to form the magnetic carbon nanocomposites for organic pollutant tetrabromobisphenol A (TBBPA) 14 and toxic heavy metal Cr(VI) removal. 2 Nevertheless, both PS and chitosan behaved as the carbon precursor to prepare the magnetic carbon nanocomposites for heavy metal removal are rarely reported. In this paper, magnetite nanoparticles were prepared by a coprecipitation method with the n-octanoic acid as a surfactant, and the chitosan-coated-magnetite with covalently grafted polystyrene based magnetic carbon nanocomposites were synthesized by the chemical reaction combined with high temperature annealing. The effects of parameters during high temperature annealing process on the specific surface area, microstructure and adsorption effect of magnetic carbon nanocomposites were studied. The microstructure, crystal structure, thermal oxidation degradation performance, and magnetic properties of magnetic carbon nanocomposites were determined by a series of characterizations including scanning electron microscope (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). The recovery and reuse performance of magnetic carbon nanocomposites were evaluated by the cyclic adsorption experiments. The Cr(VI) adsorption characteristics was analyzed by adsorption kinetics, isothermal adsorption and adsorption thermodynamics. Finally, zeta potential and XPS characterization were used to explore the Cr(VI) adsorption mechanism. This work is aiming to design a novel magnetic carbon nanocomposite structures with chitosan and PS for Cr(VI) removal from wastewater system. with a mole ratio of 1:2 were dissolved in deionized water (25 mL) at room temperature under the magnetic stirring. After that, n-octanoic acid (1.0 mL) was dripped in the above solution and the ammonium hydroxide was added until pH to 10-11. The solution was kept at 80 o C in a water bath for 1 h to form the magnetite nanoparticles.
Then, the mixture was respectively washed with deionized water and 95% (v/v) ethanol for three times, and dried in an oven at 60 o C for 6 h. The sample was calcined in a tube furnace at 350 o C for 2 h in N 2 atmosphere in order to increase the crystallinity of magnetite nanoparticles. Third, the magnetite (0.25 g), chitosan (0.25 g) and 1-butyl-3-methylimidazolium (ionic liquid, 7.0 g) were put in a 25 mL of beaker, and the mixture was heated to 50 o C in a water bath and mechanically stirred for 1 h. Then, the mixture was washed with deionized water to completely remove the ionic liquid. The mixture was filtered and washed with deionized water and 95% (v/v) ethanol, separately, for three times, and then dried in an oven at 60 o C for 12 h. Finally, the g-PS solution was transferred into a 50 mL of three-necked flask, and 0.5 g of chitosan-coated-magnetite nanocomposites was ultrasonically added into the above solution and reflux at 80 . The crystalline structure of samples was characterized by a D8 Advance X-ray powder diffractometer with Cu-Kα as the diffractive light source (λ = 1.5406 Å) within the diffraction angle ranges from 10 to 70°at a scanning speed of 10°min -1 . The element composition and valence state of the prepared samples were analyzed by an AXIS Ultra DLD X-ray photoelectron spectroscopy (XPS). The radiation source was Al-Kα (hυ = 1486.6 eV) with an operating voltage of 12 kV and a current of 10 mA, respectively. The resulting element was deconvoluted into peaks on a Shirley background using the GaussianLorentz function (Gaussian = 80%, Lorentzian = 20%). The specific surface area and pore size distribution of the samples were conducted by a Tristar 3020 specific surface area and porosity analyzer. The specific surface area and pore size distribution of samples were calculated based on the BET (Brunauer-Emmett-Teller) equation and the BJH (Barrett-Joyner-Halenda) model. Magnetic measurement was performed on a PPMS-9T (EC-II) physical measurement system at a temperature of 298 K within the magnetic field range of 0-3 T. The surface zeta potentials of the nanoadsorbents were determined by a DLS Particle Size analyzer (Zetasizer Nano-ZS, Malvern, U.K.).
Cr(VI) adsorption measurements
Cr(VI) adsorption characteristics by the as-prepared magnetic carbon nanoadsorbents was evaluated and all the measurements were conducted in a thermostatic ultrasonic cleaner (model: KH5200DE). The concentration of Cr(VI) was determined by an inductively coupled plasma optical emission spectrometry (ICP-OES, 8300). The initial Cr(VI) concentration was adjusted by diluting 1.0 g L -1 of stock solution with deionized water. The reported value for each sample was the average of three measurements with a standard deviation of ±5%. The Cr(VI) adsorption amounts q t and the Cr(VI) removal percentage (R%) were respectively calculated through Equation (S1) and (S2). The details for Cr(VI) adsorption experiments please refer to supporting information.
Results and discussion

Optimal preparation conditions exploration of magnetic carbon nanocomposites
In order to study the optimal preparation conditions of magnetic carbon nanocomposites, the BET specific surface area of magnetic carbon nanocomposites prepared under different conditions including FC430, FC500, FC515, FC530, and FC630 is analyzed since the BET results are related to the adsorption performance of materials and the results are shown in Meanwhile, the Cr(VI) removal percentage by these magnetic carbon nanocomposites prepared under different conditions has served as a justification to explore the optimal fabrication conditions of chitosan-coated-magnetite with covalently g-PS based magnetic carbon nanocomposites. As mentioned in the experimental section, atmosphere (FC515). The subsequent experiments were conducted by using FC515.
Structure characterization of FC515
In order to study the microstructure characteristics of samples, the SEM images with high and low magnifications for as-prepared Fe 3 O 4 , chitosan coated Fe 3 O 4 and FC515 have been performed and the obtained results are depicted in Figure S3 . The SEM images of Fe 3 O 4 with and without n-octanoic acid are shown in Figure S4 . The results manifest that after adding n-octanoic acid, the morphology of Fe 3 O 4 nanoparticles becomes uniform. This confirms the role of n-octanoic acid as a surfactant. In Figure S3a and d, it's seen that the as-prepared Fe 3 O 4 has a spherical structure with a smooth surface and an average diameter about 20-30 nm. After coated with chitosan, Figure S3b and e, the surface of Fe 3 O 4 become relatively rougher. However, the FC515 has a totally different microstructure, which is composed of big carbon microspheres surrounded by small nanoparticles, Figure S3c and f. The big carbon microsphere probably from the functionalized PS has a diameter of 300-400 nm. The small nanoparticles may be caused by the carbonized chitosan coated Fe 3 O 4 .
In the TEM images, Figure 1a , it's observed that the average diameter of Figure 1c , it's found that these small nanoparticles possess a core-shell structure comprised of a crystalline structure and an amorphous carbon layer. In the crystalline structure, the lattice distance is calculated to be 0.252 nm, corresponding to the (3 1 1) Figure S3c . Figure 4 4 0) The specific surface area and pore size distribution of the synthesized magnetic carbon nanocomposites are obtained by the nitrogen adsorption and desorption isotherms, Figure 2C . The type-IV adsorption-desorption isotherm curves with the hysteresis loop indicate the mesoporous properties of Fe 3 O 4 , chitosan coated Fe 3 O 4 and FC515. 21 The desorption isotherm is located above the adsorption isotherm with an obvious adsorption hysteresis. Especially, at the higher P/P 0 , a typical H3-type hysteresis loop is formed. , which is sufficient for the recycling of FC515 as demonstrated on the left top of inset Figure 2D . Figure 3a shows the Cr(VI) adsorption capacity (q t ) on the FC515 for different treatment time at 298 K and pH of 3.0, which is calculated from Equation (S1). It's observed that the q t increases fast from 0 to 10 min and then gradually changes from 10 to 30 min. As the treatment time increases further, the q t is slightly altered. This means that the treatment time for Cr(VI) adsorption on FC515 to reach equilibrium is approximately 30 min. The kinetics for Cr(VI) adsorption on the FC515 is investigated based on the q t variations with the treatment time. Both the pseudo-first-order and pseudo-second-order adsorption kinetic models are used to express the Cr(VI) adsorption on FC515 as indicated in Equation (S4) and (S5). 24 After fitting, the obtained values of k 1 , k 2 , q e, intial adsorption rate (h), and correlation coefficient (r 2 ) are listed in The adsorption isotherm is important for determining the adsorption behavior of an adsorbent. 28 The Cr(VI) adsorption isotherms by FC515 was studied at pH of 3.0. Since the equilibrium time for Cr(VI) on FC515 is approximately 30 min as aforementioned, the treatment time was set to 30 min for the adsorption isotherm experiments to make sure that the equilibrium was achieved. The maximum Cr(VI) adsorption amounts on FC515 within the Cr(VI) concentration range from 1.0 to 10.0 mg L -1 are shown in Figure 3b . The obtained equilibrium data are respectively fitted by the Langmuir and the Freundlich models in Equation (S7) and (S8). 29 The obtained fitting parameters for the Langmuir and the Freundlich models are presented in Table S3 . The results indicate that the correlation coefficient r 2 of Langmuir model (0.993, 0.991, and 0.991 for 298, 308, and 318 K, respectively) for Cr(VI) adsorption on FC515 is higher than that of Freundlich model (0.969, 0.979, and 0.963 for 298, 308, and 318 K, respectively), indicating that the Cr(VI) adsorption on FC515 can be described as a monolayer adsorption process. These results demonstrate that the as-prepared FC515 owns the superior Cr(VI) adsorption performance. Figure 3b displays the q t of Cr(VI) on FC515 at temperature of 298, 308, and 318 K. It's observed that the Cr(VI) adsorption on FC515 is significantly decreased with increasing temperature from 298 to 318 K and the maximum Cr(VI) q t on FC515 is determined to be 9.523, 8 ) are calculated in accordance with Equation (S9) and (S10) as well as Figure S5 30 and listed in Table S4 . It's found that the ΔG 0 is negative at the measured temperature range, suggesting that the adsorption process of Cr(VI) on FC515 is thermodynamically feasible and spontaneous. 31 Meanwhile, it's also observed that the ΔG 0 values for the different temperatures are close to each other (-38.97, -40.11, and -41.29 kJ mol -1 for 298, 308, and 319 K, respectively).
Cr(VI) adsorption evaluation by FC515
Meanwhile, it's shown that the ΔH 0 is negative, which means that the Cr(VI) adsorption on FC515 is an exothermic and energetically stable process. 32 This is accordant with the result obtained at the beginning of this part displaying that the adsorption of Cr(VI) onto FC515 is decreased with increasing temperature. It's reported that the absolute value of ΔH 0 ranges for physisorption and chemisorption are 2.1-20.9 and 80-200 KJ mol -1 , respectively. 33 In this work, the value of ΔH 0 is -4.397 KJ mol -1 , which also implies that the Cr(VI) adsorption on FC515 is mainly physisorption in nature. The positive ΔS 0 (115.996 J mol -1 K -1 ) depicts the increased degree of freedom at the solid-liquid interface 34 during the adsorption of Cr(VI) on FC515. The Cr(VI) adsorption behavior is strongly dependent on the solution pH. 35 The pH effect on Cr(VI) adsorption by FC515 is illustrated in Figure 4a . Noticeably, the Cr(VI) removal percentage is in- ). This phenomenon may be due to the fact that FC515 has a limited amount of Cr(VI) adsorption active sites. In solution with the high Cr(VI) concentration, more Cr(VI) ions gradually occupy the active sites, causing the saturation of FC515 active site, so that the q t is increased slowly.
In practice, the amount of adsorbent is an important factor affecting the adsorption performance. 14 , the Cr(VI) removal percentage is increased from 54.4 to 91.8%. However, the q t on FC515 tends to decrease with the increasing FC515 amounts. When the dosage of FC515 differs from 0.25 to 0.75 g L -1 , the Cr(VI) q t on FC515 is declined from 4.4 to 2.5 mg g -1 . Since the Cr(VI) concentration in the aqueous solution is constant, with the increase of FC515 dosage, the number of active sites in the unsaturated sites is increasing, which leads to the decrease of q t . Figure S6 shows In order to evaluate the possibility of regeneration and reuse of FC515 for practical application, the adsorption-desorption experiments were performed. The adsorption-desorption process was conducted for 5 cycles and the obtained q t on FC515 is demonstrated in Figure 4d . It's found that the q t on FC515 still remains around 86% after 5th cycles, illustrating a relatively good reusability and stability. This indicates that the FC515 is a good and reversible efficient nanoadsorbent in potential practical application for wastewater treatment.
Adsorption mechanism exploration of FC515 in optimal adsorption condition
In the aqueous solution, the most important forms of Cr(VI) are Figure 5a , the surface of the FC515 is positively charged at a pH of 3.0. According to the principle of electrostatic interaction, there is an electrostatic attraction between FC515 and Cr(VI). Therefore, at the optimum pH of 3.0, the removal of Cr(VI) is mainly caused by electrostatic attraction. In order to further study the removal mechanism of Cr(VI) on FC515, XPS analysis of FC515 after adsorption was carried out. High resolution XPS is applied to determine the chemical state of Cr element. Generally, in the high resolution XPS curve of Cr2p, the characteristic binding peak position appears at 577.0-578.0 eV and 586.0-588.0 eV, attributing to Cr(III). 36 The characteristic binding energy peak position typically occurred at 580.0-580.5 and 589.0-590.0 eV is usually ascribed to Cr(VI). 2 Figure 5b shows the Cr2p high resolution XPS peak spectrum of 20.0 mL Cr(VI) solution with the concentration of 10.0 mg L -1 and pH 3.0 after treatment with FC515 for 5 min. Evidently, the characteristic binding energy peak position of Cr2p is located at 580.1 and 589.4 eV, respectively, which are the characteristic binding energy peak of Cr(VI). This indicates that the absorbed species on the surface of the FC515 are Cr (VI). In summary, the results show that the Cr(VI) removal on FC515 is a simple electrostatic adsorption process accompanying with physisorption as determined from thermodynamic analysis. The proposed Cr(VI) adsorption on FC515 is illustrated in Figure 6 .
Conclusion
In this work, the Cr(VI) adsorption performance by chitosan-coatedmagnetite with covalently g-PS based magnetic carbon nanocomposites has been evaluated. The magnetic carbon nanocomposite FC515 calcined at a temperature of 500 o C for 15 min in the N 2 atmosphere exhibits the highest Cr(VI) removal ability. The SEM and TEM images indicate that the FC515 consists of carbon-coated proves that Cr(VI) adsorption process on FC515 is a spontaneous exothermic process and reduce the temperature could boost the adsorption process. After the recovery and reuse by the permanent magnet after 5 times, FC515 still maintains more than 86% of adsorption performance, expressing a good stability and reusable capability. The zeta potential and XPS results illustrate that the Cr (VI) removal by FC515 in the solution of pH 3.0 is mainly related to the electrostatic interaction.
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